Abstract
I. Introduction
The first patented bioactive glass 45S5 was first reported by Hench in 1971 [1] , and its composition was a modified soda-lime-silica with addition of P 2 O 5 . The successful application of this first bioglass [2] together with Cera Vital® bioactive glass-ceramics [3] , A-W glass ceramic [4] , dense hydroxyapatite ceramic [5] and other materials in clinical applications [6] have stimulated research in the development of bioactive glasses and bioactive glass-ceramics with improved properties. Bioactive glasses and glass-ceramics are known to bond to living bones in the body through formation of hydroxyapatite (HCA) layer on their surfaces [2, 7, 8] .
Most of the published works on bioactive glasses and glass-ceramics have been concentrated on SiO 2 -based or P 2 O 5 -based materials [2, [8] [9] [10] [11] [12] [13] . Bioactive glasses containing B 2 O 3 in their compositions have been mentioned in some researches [2, 14, 15] . Hench mentioned in his review on bioceramics a patented bioglass containing 15 wt.% B 2 O 3 [1, 2] and it was designated as (45B15S5). Osaka et al. [14] have examined the bioactivity of calcium and sodium borosilicate glasses by immersion in simulated body fluid. The superior bioactivity of the calcium glasses in comparison to the sodium glasses was attributed to the existence of calcium ions in the vicinity of silanol groups in hydrated silica gel formed in the fluid. The best bioactivity of 30Na 2 O·20B 2 O 3 ·50SiO 2 among the sodium glasses was attributed to the presence of the largest fraction of Si atoms bonding to two bridging oxygen atoms.
ElBatal and ElKheshen [15] have prepared and characterized some substituted glasses based on Hench`s patented bioglass®. They showed that the introduction of 10 wt.% of B 2 O 3 replacing SiO 2 increases the corrosion of the glasses by various leaching solutions and reaches 30% after 1 hour at 90 °C in 0.1N HCl solution (determined by the grain method).
Pure borate glasses have only recently been explored for use in biomedical applications. Richard was the first who investigated replacing SiO 2 completely with B 2 O 3 in the 45S5 glass composition [16] . The borate based 45S5 immersed in a K 2 HPO 4 solution at body temperature (37 °C) formed a layer of hydroxyapatite (HA), Ca 10 (PO 4 ) 6 (OH) 2 , similar to that formed by the Hench , s silicate based 45S5. The in vitro formation of HA from the borate based 45S5 led to further investigation in vivo. Particles of the borate based 45S5 glass were placed in a rat tibial defect, and not only promoted bone formation, but did so at a faster rate than the silicate based 45S5 glass.
Huang et al. [17, 18] have described and compared the reaction mechanisms for both the silicate 45S5 glass and the borate analogue of 45S5 glass. The borate glass is fully converted to HA by the glass dissolving, (B 2 O 3 and Na 2 O are dissolved into solution, and the CaO is reacting with PO 4 -3 from the phosphate solution). On the other hand, the silicate glass is partially converted to HA, while leaving a sodium depleted core surrounded by a silica-rich layer.
Jung and Day [19] have carried out a kinetic analysis of the reaction rate of the conversion kinetics of silicate, borosilicate and borate bioactive glasses to hydroxyapatite. The reaction rate increased with increasing the B 2 O 3 content, and the borate glass reacted almost five times faster than the analogous silicate glass. The change or deviation from the suggested contracting volume model for borate glass to the slower 3D diffusion model is attributed to the formation of a silica-rich layer of a certain thickness that began controlling the release of ions from the unreacted glass by diffusion. The borate bioglass is completely dissolved and converted to hydroxyapatite.
The main objective of this work is to determine the corrosion weight loss of some prepared ternary sodalime-borate glasses and some derived samples containing substituted 5 wt.% of Al 2 O 3 , SiO 2 , MgO or P 2 O 5 by the use of sodium phosphate (Na 2 HPO 4 ) solution or distilled water for comparison with the recommended grain method. Also, the study includes the investigation of the FTIR spectra of the prepared glasses before and after immersion to follow the formation of hydroxyapatite. The work also includes the preparation of glass-ceramic derivatives through controlled heat treatment of the parent borate glasses. The same corrosion and Fourier-transform infrared investigations were repeated on the crystalline derivatives aiming to follow the potential bioactivity of both glassy and crystalline derivatives.
II. Experimental

Preparation of glasses and glass-ceramics
The glasses were prepared from chemically pure grade materials with the composition shown in Table 1 The weighed batches were melted in platinum crucibles at 1050 °C for 2 hours. The melts were rotated at intervals of 30 minutes apart. The homogenized melts were cast into warmed stainless steel moulds of the required dimensions. The prepared samples were immediately transferred to a muffle furnace regulated at 380 °C for annealing. The muffle was switched off after 1 hour and left to cool down to room temperature at a rate of 25 °C/h. The glass samples were thermally heated in a twostep regime (Table 2) . Thus, each glass was heated slowly to 450 °C with holding time of 5 hours to form of sufficient nuclei sites and then further heated to reach the second chosen crystal growth temperature at 650 °C. After holding time of 6 hours the specimens were left to cool inside the muffle to room temperature at a rate of 20 °C/hour.
Sample characterization
Differential thermal analysis (DTA) was carried out on powdered glass samples which were examined up to 1000 °C using powdered alumina as a reference material. DTA Perkin Elmer DTA-7 apparatus was used to find out the proper heat treatment temperatures to obtain appropriate glass-ceramic derivatives with high crystallinity. Briefly, the values obtained for glass nucleation temperatures and the onset of crystallization temperatures are given in Table 2 .
The heat treated glass-ceramic specimens were analysed by X-ray diffraction in order to identify the crystalline phases that precipitated within these crystalline samples during the heat treatment and conversion to glass-ceramic derivatives. The glass-ceramic samples were ground and the fine powder was examined using a diffractometer with a Ni-filter and Cu-target. The Xray diffraction patterns were obtained using a Phillips PW 1390 X-ray diffractometer. The diffraction patterns were identified with comparison with standard ASTM cards and published data of similar compositions.
The chemical corrosion of the prepared bioglasses and their corresponding glass-ceramics derivatives was carried out using the grain method which was adopted by several authors [15, [20] [21] [22] [23] [24] and recommended by ASTM specifications. Glass grains (0.30-0.60 mm in diameter) were immersed in distilled water and disodium hydrogen phosphate (Na 2 HPO 4 ) solution (0.25 M) for 1 hour at 90 °C. In both cases 1 g of sample grains was placed in a sintered glass crucible G4 (Jena type) which was placed in a 250 ml polyethylene beaker situated in the water bath regulated at 90 °C. 150 ml of the attacking solutions was introduced to cover the grains. After 1 hour, the beaker was removed from the bath and the sintered glass crucible was fitted onto a suction pump and the whole solution was pumped through it. The sintered glass crucible was transferred to an air oven at 120 °C for 1 hour. Then, the cooled crucible with its content was reweighed and the total loss was calculated. An empty sintered glass crucible of the same type (G4 Jena) was subjected to the same corrosion test and the obtained result was taken into consideration.
Infrared absorption spectra of the bioglasses and their glass-ceramic derivatives were measured at room temperature (~20 °C) in the wavenumber range 4000-400 cm -1 using a Fourier-transform infrared spectrometer (type Jasco FT-IR, Japan). Fine powders of the samples were mixed with KBr in the ratio 1:100 and the mixtures were subjected to a load of 5 tons/cm 2 in an evacuable die to produce clear homogeneous discs. Then, the IR absorption spectra were measured immediately after preparing the discs to avoid moisture attack. The same FTIR measurements were repeated after immersion of the glasses and crystalline glass-ceramic derivatives in sodium phosphate solution for prolonged time (30 days) or distilled water.
UV-visible absorption spectra of polished samples of the dimensions 4×1×0.2 cm were recorded to confirm their homogeneity and high transmittance, especially in the visible region. A recording spectrophotometer type T 80, PG Instruments, England, was utilized within the wavelength range 200-1000 nm. Figure 1 shows that all the studied soda-lime-borate glasses exhibit strong ultraviolet absorption spectra, but without absorption bands in visible region indicating their uniformity and clearness within this region. The spectrum of the glass G1 shows strong and wide UV absorption extending from 200-330 nm, revealing four successive peaks at about 210, 235, 260 and 285 nm decreasing in intensity with larger wavelengths while no bands could be identified in the visible region.
III. Results and discussion
Optical absorption spectra
The glass G2 reveals similar spectral characteristics, only the fourth peak at 285 nm disappears with the increase of B 2 O 3 (or with the decrease of the modifier contents). On the other hand, the ultraviolet absorption peaks of the glasses with smaller amount of B 2 O 3 and presence of different modifier (samples G1-Mg, G1-Al, G1-P, and G1-Si) are less pronounced. Cook and Mad- er [25] have separately identified charge transfer ultraviolet absorption bands in many commercial glasses.
They have attributed the presence of such UV spectra to the contamination of unavoidable trace iron impurithe contamination of unavoidable trace iron impurities within the raw materials used for the preparation of such glasses. Duffy [26] has confirmed such an assumption and has introduced a clear differentiation between charge transfer UV bands due to transition metal ions and other UV bands due to Pb 2+ and Bi 3+ ions. Ehrt et al. through successive investigations [27, 28] have reconfirmed such statements and have concluded that the presence of iron impurities even at the ppm level could impair the usefulness of special optical glasses. Recent work by ElBatal and others have identified the strong charge transfer UV bands in lithium borate and sodium borate glasses [29, 30] and have concluded that such UV absorption originates from trace iron impurities within the materials used for the preparation of such borate glasses. Figure 2 shows the X-ray diffraction patterns of the prepared glass-ceramics from the heat treatment of the parent glasses. The obtained phases are listed and summarized in Table 3 .
X-ray diffraction analysis
The examination of the crystalline phases which are formed during controlled heat treatments and transformation to corresponding glass-ceramic derivatives shows the presence of calcium sodium borate (CaO·3Na 2 O·5B 2 O 3 ) phase as a main constituent with high intensity (crystallinity) and extended diffraction patterns of all the prepared glass-ceramics. Figure 3 presents the FTIR absorption spectra of the prepared glasses before immersion in diluted sodium phosphate solution. The FTIR spectrum of the base glass (G1) shows three very weak absorption kinks at about 490, 520 and 560 cm -1 followed by a sharp peak of medium intensity at about 700 cm -1 and broad intense band centered at about 1020 and 1420 cm -1 with a kink at about 1230 cm -1 on the ascending lobe. Small kink and successive peaks at about 2300, 2850, 2920 and 3100 cm -1 were also observed. The spectra of the glass G2 shows the same FTIR spectral bands for the sample G1 but with slightly lower intensities with the increase of B 2 O 3 content (or the decrease of the modifier content) in the two soda lime borate glasses. It is obvious that the spectra of these two glasses are very similar indicating the appearance of the same IR bands with the same wavenumber and position. Figure 3 also shows the FTIR spectra of the samples containing 5 wt.% MgO, Al 2 O 3 , SiO 2 or P 2 O 5 . It is evident that the FTIR spectra of those samples reveal some small changes either by introducing additional structural groups or show some variations in the bands due to the three-coordinated or four-coordinated boron-oxygen groups.
FTIR results of glasses and glass-ceramics
The spectra appear complex due to the observation of numerous bands extending all over the entire IR regions 400-4000 cm -1 . The vibrational modes of the borate network observed in the pure borate glasses are mainly active in three IR spectra regions: 1200-1500 cm -1 (B-O stretching of trigonal BO 3 units), 850-1200 cm -1 (B-O stretching of tetrahedral BO 4 -units) and 600-800 cm -1 (bending vibrations of various borate segments) [31, 32] . These rich features are based on the fact that boron has the smallest size in comparison to other network forming cations and thus the main vibrational modes associated with borate glass network appear well above 500 cm -1 in the mid-infrared [31, 32] . Also, it is evident that the spectrum reveals some of the vibrational sites active in the far-infrared, i.e. 600-400 cm -1 (beginning of measurements), and the near-infrared vibrational modes which include the OH, water and B-OH vibrations.
It is important to mention that the studied glasses contain borate groups as the sole network building units in the three borate glasses (G1, G2 and G1-Mg) and other glass forming groups (e.g. PO 4 and SiO 4 ) in the sample (G1-Si and G1-P). The following interpretation of all the FTIR spectra takes into consideration the concept adopted by Tarte [33] and Condrate [34] about the free independent vibrations of various structural groups irrespective of the presence of other vibrating groups. This concept is successively applied with glasses containing different structural groups by Dimiriev et al. [35, 36] and ElBatal et al. [37, 38] . Also it is born in mind the detailed published infrared spectra of borate and phosphate glasses [31, [38] [39] [40] [41] . The infrared absorption spectra of the studied borate glasses are complex due to the expected appearance of borate groups with different coordinations, (the samples G1 and G2) besides the sharing of some other vibrations due to groups such as PO 4 , SiO 4 , AlO 4 and MgO 4 in the glasses G1-Mg, G1-Al, G1-Si and G1-P. The medium peak at about 700 cm -1 which is indicative of the bending vibrations or deformation modes of various borate units while the broad intense band at about 1020 cm -1 is referring to the presence of asymmetric stretching vibrations of tetrahedral borate (BO 4 -) units. The small peaks observed in the far-infrared region at about 490, 520 and 560 cm -1 are correlated with modifier cations (Na + , Ca 2+ ) in different residing sites as bridging and nonbridging type [32, 41] and the rest of the IR peaks extending from 2850, 2920, 3100 and 3430 cm -1 are correlated with hydrogen bending and molecular water vibrations.
The effects of changing the ratios of B 2 O 3 , Na 2 O, CaO in the glasses (G1, G2) cause no measurable effects on the IR bands indicating the persistence of the main triangular and tetrahedral borate units which are usually identified in borate glasses. The only minor change is the very small variations in the intensities of the IR bands. Figure 4 illustrates the FTIR spectra of the crystalline glass-ceramic derivatives prepared through controlled crystallization of the parent glasses. The FTIR spectra appear complex and very sharp especially in the mid-region between 800-1500 cm -1 which comprises the distinct vibrational modes due to triangular and tetrahedral borate groups within the studied range of composition. The overall spectral features appear in general as that obtained from the parent glasses, but with distinct appearance of the bands of crystalline materials. 
FTIR results after immersion in liquids
Hench [2] reported that the bioactive silicate glasses and glass-ceramics can be bonded to the bone by the formation of a hydroxyl-carbonate-calcium phosphate (apatite) layer. The formation of this layer on the surfaces of bioactive glasses was shown to occur in fine stages including the ionic exchange process, the formation of silanol (SiOH) layer at the surface, the condensation or depolymerization of SiO 2 rich layer, the migration of Ca 2+ and PO 4 3-groups to form amorphous calcium phosphate layer and finally the crystallization of this layer to HCA layer. Extensive recent studies by Day, et al. [17] [18] [19] have shown that some borate glasses are readily converted to hydroxyapatite completely and with faster rate than silicate bioglasses and are found to be bioactive in some in vivo experiments [42] .
Glasses after immersion in water and Na 2 HPO 4
Figures 5 and 6 illustrate the FTIR spectra of the glasses after two methods of immersion. In the first method, the immersion is at 90 °C for 1 hour in distilled water and the second is the immersion for 30 days at 37 °C in diluted sodium phosphate solution. In addition, FTIR peak assignment before and after immersion were summarized in Table 4 . Figure 5 shows the FTIR spectra of the glasses after the first method of immersion (90 °C for 1 hour in distilled water). The spectrum of the glass G1 reveals a small peak at about 480 cm -1 , two split bands at about 560 and 620 cm -1 , a small split peak at about 730 and 770 cm -1 and a very sharp prominent band at about 1000 cm -1 with two medium intensity bands at about 1460 and 1640 cm -1 followed by two small kinks at 2350 and 2580 cm -1 and with final intense broad band centered at about 3450 cm
The second borate glass G2 shows the same FTIR spectral characteristics but the intensity of the split band at 560 and 620 cm -1 is lower. The glasses containing Al 2 O 3 , SiO 2 or P 2 O 5 (G1-Al, G1-Si and G1-P) reveal the same FTIR spectral characteristics as the pure borate glasses, but the glass G1-Mg, containing MgO, did not show clearly the split medium intensity band with two peaks. Figure 6 shows the FTIR spectra of the glasses after the second method of immersion (30 days at 37 °C in diluted phosphate solution). Inspection of all the spectral curves indicates complete similarity of all the IR bands except the sample G1-Mg which does not have the characteristic split band with two peaks at about 560 and 620 cm -1 . The studied pure borate glasses show the appearance of the two peaks at about 540-565 and 610-660 cm -1 after immersion, which are the characteristic indication of apatite crystals [43] . The same statement can hold true for the glasses containing SiO 2 , P 2 O 5 and Al 2 O 3 . The sample containing MgO did not resolve these peaks after immersion in phosphate solution and thus can be considered to be non-bioactive. This behaviour is correlated with the corrosion results which indicate that the MgO containing glass is the least dissolved sample. It is thus concluded that the ease of solubility of borate glasses is a decisive factor for the bioactivity potential.
Glass-ceramics after immersion in water and Na 2 HPO 4
Figures 7 and 8 illustrate the FTIR spectra of the prepared glass-ceramics after immersion in distilled water at 90 °C for 1 hour and in diluted phosphate solution at 37 °C for 30 days.
The IR results show that the glass-ceramics samples (GC1 and GC2) of the pure borate glass show the spectral characteristics of the parent glasses, but the second glass with higher B 2 O 3 exhibits lower intensities of the FTIR peaks than the first glass. The two glass-ceramics containing SiO 2 or P 2 O 5 (GC1-Si and GC1-P) reveal almost identical spectral features as the pure borate samples. However, the two glass-ceramics containing Al 2 O 3 or MgO (GC1-Al and GC1-Mg) did not give the expected curves as the pure borate glasses especially the split band with two peaks around 560-640 cm -1 . Moreover, these two samples show also less corrosion weight loss and the X-ray diffraction of the sample containing P 2 O 5 did not show any phosphate phases. This may be due to the formation of solid solution with B 2 O 3 and this behaviour needs to be studied further. Table 2 gives the corrosion weight loss data obtained from glass grains (0.3-0.6 mm) of the prepared samples after being exposed to the action of 0.25 M sodium phosphate (Na 2 HPO 4 ) solution for 1 hour at 90 °C. The results show that, for the ternary soda-lime-borate glasses (G1-G2), the corrosion weight loss increases with the increase of B 2 O 3 or the decrease of modifier oxide content. The glass with P 2 O 5 (G1-P) shows the highest weight loss, while the glass containing MgO (G1-Mg) reveals the least weight loss. In addition, glasses containing Al 2 O 3 or SiO 2 show relatively higher durabilities, with the glass containing Al 2 O 3 having lower weight loss than the glass containing SiO 2 . Table 2 also shows the corrosion weight loss by the action of distilled water on the same grains. The data reveals that the corrosive or dissolving action of distilled water is lower than the corresponding effect of sodium phosphate for the two ternary soda-lime-borate glasses. With the introduction of SiO 2 or P 2 O 5 , the corrosion by distilled water is lower than that obtained by the action of sodium phosphate solution. In addition, the corrosion of glass containing Al 2 O 3 reveals approximately the same values with distilled water as that with sodium phosphate, while with the introduction of MgO, the glass shows higher value with water than with sodium phosphate solution.
Corrosion weight loss
It is generally accepted that the corrosion of alkali borate glasses is quite different than the corrosion for alkali silicate glasses. When a glass comes in contact with aqueous solutions, the extent of corrosion depends on several factors including the type and ease of cations release from glass to aqueous solution and the ease of solubility of the released cations into solution. The corrosion is also depending on whether the cations occupy network forming or modifying sites in the glass constitution. When alkali silicate and alkali lime silicate glasses are in contact with aqueous solutions, the corrosion mechanism is accepted to proceed by ion exchange in which modifier cations (alkali or alkaline earth cations) are selectively extracted from glass by attacking solutions [20, 23, 44, 45] . This type of attack is the preferred reaction by water and acidic solutions for silicate glasses. With continuous reaction, the released alkali dissolves and forms alkali hydroxide which disrupts siloxane bonds and parts of the silica network are continuously dissolved with the increase of the pH of the solution.
On the other hand, when alkali borate or alkali alkaline earth borate glasses are exposed to aqueous solutions, almost all of the constituents are attacked and dissolved but to different degrees depending on the nature of both attacking solution and involved cations within the glass, the type of linking within the network and the degrees of the solubility of the constituents in the attacking solution.
The obtained experimental corrosion weight loss data can be understood and explained in accordance with the literature data [20, 23, 44, 45] . The constituent oxides of the first two glasses studied B 2 O 3 , Na 2 O, CaO are known to dissolve depending on the type of acidic constituents. B 2 O 3 is highly soluble in water and vitreous B 2 O 3 is highly hygroscopic. With the addition of Na 2 O and/or CaO the produced glasses are quite resistant to the immediate action of water because the looser triangular borons are transformed to the compact tetrahedral borons which did not only noticeably increase the durability but also increase the transformation and softening temperatures. This structural variation explains the observed results of the corrosion in the three soda-lime-borate glasses by a sodium phosphate solution.
The introduction of 5 wt.% of SiO 2 , Al 2 O 3 or MgO in the host soda-lime-borate glass is observed to increase the durability as expressed by the lower weight loss data. This can be explained by the introduction of extra structural building groups (SiO 4 , AlO 4 or MgO 4 ) which can strengthen the network structure and makes the corrosion process difficult. The difference between these oxides comes from the possibility of forming insoluble Al(OH) 3 with the attacking ionized leaching sodium phosphate solution, which retards the corrosion process. The same assumption seems to hold for Mg(OH) 2 besides the interfering effect of Mg 2+ ions when some of these ions in modifying or bridging sites blocks the passage of other modifier cations in the percolation pathway channels proposed by Greaves [46] during the corrosion process.
The traditional method of measuring chemical durability of glasses has been to estimate the weight change of glass grains or powders after treatment with the corroding solution [20, 21, 23] . Weight change provides an easy and rapid method for measuring dissolution process of glasses. The procedure adopted in this work which comprises of leaching large surface area grains at 90 °C for 1 hour. This procedure is assumed by Bacon [47] to be equivalent to the action of the leaching solution on glasses extended to about 1 year at room temperature.
The leaching process by sodium phosphate solution (0.25 M) is observed to be somewhat stronger as a leaching agent and this behaviour may be combined with ionization [23] of sodium phosphate (Na 2 HPO 4 ) salt in aqueous solution to both strong basic and acidic components, namely 2Na + and HPO 4 2- . These two components are expected to be corrosive towards the glasses and all their constituents. This behaviour may be discussed in terms of the corrosive nature of sodium phosphate solution and the ionized species of phosphoric acid (HPO 4 ) to different materials. Parry [48] found that the sodium phosphate solution is more corrosive towards optical glasses containing lanthanum and lead than caustic soda solution. Becker [49] assumed that the reduced state of phosphoric acid could be responsible for the high corrosion rates of stainless steel. Greenfield and Clift [50] recommended that the phosphoric acid should not be stored for a long time in glass bottles because it attacks both silica and alkali. All the previous three results support our assumption that sodium phosphate solution is recommended for the testing of biomaterials.
IV. Conclusions
Two soda-lime-borate glasses together with samples containing substituted 5 wt.% of any of SiO 2 , Al 2 O 3 , P 2 O 5 or MgO instead of B 2 O 3 were prepared. Dissolution behaviour of (0.3-0.6 mm) grains of the samples immersed in 0.25 M sodium phosphate (Na 2 HPO 4 ) solution at 90 °C for 1 h were calculated together with the effect of distilled water. The samples were converted to their glass-ceramic derivatives by controlled heat treatment. The crystallized specimens were examined by X-ray diffraction analysis to determine the formed crystalline phases. The same dissolution experiment was repeated on the glass-ceramics derivatives. Fourier-transform infrared spectroscopic measurements were done for the glasses and glass-ceramics derivatives before and after immersion in water and phosphate solution to confirm the formation of hydroxyapatite as an indication of bioactivity. The dissolution data are discussed on the basis of the current views on the corrosion behaviour of the borate glasses and the dependency on the type of the cations inserted and the way they are housed in the structural network, the ease of solubility or formation of insoluble precipitates during the dissolution process. Infrared spectra indicate the formation of the two peaks characteristics for the hydroxyapatite in the pure borate glass and glasses containing SiO 2 , P 2 O 5 and Al 2 O 3 and hence are an indication of their bioactivity.
